The intracellular actlvlty of tryptophan hydroxylase was assessed by applying NSD-1055, an inhibitor of aromatic L-amino acid decarboxylase, to a monolayer culture of RBL2H3 cells from a serotonin producing rat basophilic leukemia cell line. Tryptophan hydroxylase activity was also measured in a cell-free system. In this system, enzyme activity was enhanced 14 fold by incubation with Fe2+ and DIT. Enzyme activity measured by the metabolic assay was similar to the non-enhanced activity measured in the cellfree system. When 30 MM hemin were added to the cell culture, intracellular tryptophan hydroxylase activity was enhanced 1.8 fold. Administration of desferrioxamine, a cell permeable chelator, suppressed enzyme activity to about 25% the normal activity even in the presence of hemin. The results are consistent with the idea that a large part tryptophan hydroxylase exists in a latent form which can be activated by iron either in a cell-free system or in living cells.
Introduction
Tryptophan hydroxylase is the rate limiting enzyme in the biosynthesis of serotonin. Serotonin biosynthesis is specific to serotonergic organs. Two types of tryptophan hydroxylase have been recognized, a brain type and a peripheral type. The enzymes in the latter group are of non-neural origin such as those produced in pinealocytes of the pineal gland, enterochromaffin cells of the gastrointestinal mucosa and, in rodents, in mast cells of the connective tissue and in gastric mucosa. In the pineal gland, the amine is synthesized as a precursor of melatonin. All other non-neural cells produce serotonin as an end product for secretion. In an early study of bovine pineal tryptophan hydroxylase, in vitro activation of the enzyme was described (1) . The same Tryptophan hydroxylase, EC 1.14.16.4 (L-tryptophan tetrahydropteridine: oxygen oxidoreductase) Aromatic L-amino acid decarboxylase, EC 4.1.1.28 (aromatic L-amino acid carboxy-lyase) Pteridines / Vol. 4 / No.2 activation was described for the enzymes from two lines of mouse mastocytoma, P-815 and FMA3 (2) , and mouse gastric mucosa (3) and the intestinal mucosa (4). This activation was termed "DTI-activation" because it was achieved by anaerobic incubation of the enzyme with dithiothreitol (DIT) or some other sulfhydryl compounds in the presence of a trace amount of F e2+ . Subsequently, mastocytoma tryptophan hydroxylase in rather crude extracts was activated by incubation with a low defined concentration of EDTA (5) . In efforts to understand the mechanism of activation phenomena, a close look at these studies suggested that tryptophan hydroxylase is an iron dependent enzyme. The enzyme appears to be in rapid equilibrium with environmental iron. Term "DTT-activation" implies activation of the enzyme by ferrous iron in the presence of DTT which prevents ferric iron from binding to the enzyme. Accumulated data indicates that the major portion of tissue tryptophan hydroxylase is in a quiescent fonn which can be activated by ferrous iron. However, the iron supply in living cells is known to be very stable since it is regulated by a conservative feed back mechanism involving the transferrin-receptor and ferritin. The aim of this study was to determine if tryptophan hydroxylase activity would be affected by an increase or decrease in the intracellular iron concentration. For this purpose, tryptophan hydroxylase activity in the living cell was assessed by metabolic assay using RBL2H3 cells from a serotonin producing cell line. In the present issue, the iron dependent nature of peripheral tryptophan hydroxylase will also be briefly described (details to be published elsewhere) and physiological interpretation will be presented. This text is based on a lecture given at the International Conference on Pteridines and Related Biogenic Amines and Fo/ales Seoul, Korea, 1992 . '
Materials and Methods
Desferrioxamine was donated by CIBA GEIGY (Japan). 4-Bromo-3-hydroxybenzyloxamine dihydrogenphosphate (NSD-1OSS) was obtained from Smith and Nephew CU. K). The rat basophilic leukemia cell line, RBL2H3, originally established by R. Siraganian, was obtained from the Japanese Cancer Research Resources Bank (Tokyo, Japan). Cells were kept as monolayer culture in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal calf serum under S% CO:J9S% air.
Tryptophan hydroxylase activity in monolayer cultures of the living cells, was assayed by measuring the accumulation of S-hydroxy-L-tryptophan (SHTP) after administration of a high dose of NSD-IOSS an inhibitor of aromatic L-amino acid decarboxylas~ (Fig. 1 ). Cells were kept in serum-free DMEM for at least S h, then the medium was replaced with the fresh DMEM containing 200 ~ NSD-1OSS. Cells were kept under 10% COJ 90% air for 30 min. Culture was terminated by addition of an acid-mixture resulting in a final concentration of I % and 0.1 M with respect to ascorbic acid and Hel, respectively. For measuring accumulated SHTP, perchloric acid was added at 6%, then insoluble materials were removed by centrifugation at So c. SHTP in the clear supernatant was measured by high performance liquid chromatography as described (6) . The cell-free enzyme activity of tryptophan hydroxylase was estimated as described (6) .
Results and Discussion
The iron dependent nature of tryptophan hydroxy- lase: The idea that tryptophan hydroxylase activity is iron dependent has been accepted since an early study on the mouse mastocytoma enzyme (7). However, the number of iron atoms bound to the enzyme has not yet been firmly established. Only substoichiometric amounts of iron were detected in our efforts to estimate the number of bound iron atoms in the purified enzyme after wet ashing either because of loss of iron during purification or from lack of specific binding of the iron to the enzyme. However, these results were compatible with observations showing that the enzyme lost activity by addition of strong chelators such as EDTA or o-phenanthroline. These facts suggested that iron was in equilibrium with the environment and that the exchange rate was rapid enough to yield the iron to the chelator. Actually, iron-free enzyme could be prepared by a single gel filtration through a Sephadex G-2S column after brief mixing of the enzyme with EDTA under mild pH conditions. Rigidly controled incubations were not required for preparing the iron-free enzyme, however, very special care was needed to prevent contamination of the eluate with iron. In the presence of ferric iron, the enzyme reverts to the inactive form. This form can regain activity by anaerobic incubation with DTT which is termed "DTT-activation". In the case of the apoenzyme, ferrous iron is a mandatory requirement for enzyme activity. On mixing ferrous iron with the apoenzyme. activity is immediately restored. It should be stressed that the procedure for restoration in vitro requires great care in order to minimize oxidation of ferrous iron and to insure that scavenging active oxygen species avoid contact with the enzyme. These condi-tions require meticulous effort to establish in vitro, but seem to be the natural situation in living cells. "Fe2+ -activation" of tryptophan hydroxylase: The inactive enzyme was incubated with EOTA which was then removed along with other small molecules. Then ferrous iron was added in the presence of ascorbic acid. This procedure supplied the apoenzyme with ferrous iron and at the same time minimized chances for the enzyme to bind ferric iron. Hence, DTT seems to play two major roles in the activation of tryptophan hydroxylase. One role is as a ferric iron specific chelator which prevents ferric iron from coming. into contact with the free enzyme in the solution. The other role is as a reagent which reduces ferric iron to felTous. Therefore, the activation should actually be called "Fe2+ -activation" .
Tissue tryptophan hydroxylase has long been measured following "Fe2+ -activation", which is activation by preincubation with Fe2+ and OTT. This suggested that the enzyme in the tissue was not saturated with iron. Previously, we compared tissue tryptophan hydroxylase with and without an exogenous iron supplement (4) ( Table 1) .
In all regions of th e gastrointestinal tract, only a small portion of the enzyme was active in the absence of exogenously added iron. These results were consistent with the idea that a large portion of tryptophan hydroxylase exists in a quiescent form which can be activated if the appropriate form of iron is supplied. It is of interest that the ratio of non-activated activity to activated activity varied relative to the region of gastrointestinal tract samples. Native tryptophan hydroxylase (measurable without the activation) was higher in the proximal portion Table 1 . Tryptophan hydroxylase activity in various regions of mouse intestinal mucosa: The enzyme was extracted as described (2) . Tryptopha n hydroxylase activity was then measured with or without activation with DTT.
Organ
Enzyme (2) . Hence, a large portion of tryptophan hydroxylase seemed to be in the latent form due to insufficient available iron inside the cell. In order to obtain more direct evidence for this, we tried to deplete or supply iron from or into living serotonin producing cells monitoring in situ tryptophan hydroxylase activity. For thi s purpose, we employed a m etabolic assay as described bellow.
Metabolic assay of tryptophan hydroxylase
In order to m easure the accumulation of 5HTP, in the preliminary experiments, cells were rinsed with fresh medium and the amount of 5HTP measured. The results showed that intracellular 5HTP decreased after each washing, at least after the first 3 times. Hence, accumulation of 5HTP was measured in the whole culture including the extracellular medium. The protocol for the 5HTP assay was made simpler by omitting the cell-washing but it . took a longer time due to the fact that elution on HPLC had to be carried out slowly to remove contaminants present in the culture medium. The concentration of NSO-1055 was found to be optimal at 200-400 f..lM. Concentrations higher than 1 mM showed a significant decrease in 5HTP accumulation, an indication of toxicity. 5HTP accumulation in the whole culture proceeded linearly as a function of time of more tha n 1 hour. Accumulation was much slower when the cells were placed on ice. The hydroxylase seemed to be unsaturated with tryptophan since higher tryptophan concentrations in the medium significantly stimulated 5HTP accumulation (Fig. 2) . However, this was not the case with tetrahydrobiopterin. As for the basic conditions, a typical tryptophan concentration (about 78 f..lM in Dulbecco's Modified Eagle's Medium) was employed throughout the experiments. With this newly developed metabolic assay, we now had a means of determining tryptophan hydroxylase activity actually at work in the living cells.
Tryptophan hydroxylase activity of RBL2H3 cells
Tryptophan hydroxylase activity was measured in living cells and compared with that determined in the cell-free system. Activity in cells cultured under basal conditions was 0.93± 0.06 pmol/min/ 10 6 cells (Table 2 , line 4). This was comparable to th e enzyme activity measured in the cell-free system without the activation procedure (Table 2 . line I). When dis- One hour later, NSO-1055 was added to each culture at 200 , uM. Some cultutes were placed on ice for IS min (left). Table 2 ); consistent with the idea that a large portion of tryptophan hydroxylase in the cell was quiescent due to an insufficient supply of ferrous iron. A similar incubation in the absence of exogenous iron also stimulated enzyme activity to half the extent of the complete system. This suggests that a large portion of the endogenous iron was inaccessible to the enzyme without orr- incubation. Accordingly, most of the cellular iron was judged to be in a form not always available by the enzyme system.
Manipulation of tryptophan hydroxylase activity in living cells
A large portion of tryptophan hydroxylase is thus suggested to be latent in living cells due to an insufficient supply of ferrous iron. In order to strengthen this suggestion. controlling tryptophan hydro};" ~ase activity was attempted by manipulation of the intracellular iron concentration. The two metal chela tors employed for this purpose were desferrioxamine and hemin. Oesferrioxarnine is known to be permeable through the plasma membrane and is rather specific for ferric iron (Log K = 31), aluminum (Log K=22), chromium (Log K=21), and copper (Log K=20). This chelator (Fig. 3) has frequently been used clinically to remove metals deposited in tissue. On application to RBL2H3 cell culture, tryptophan hydroxylase was slowed down (Table 2, line 5). It should be noted that desferrioxamine does not, at least in vitro, directly inhibit tryptophan hydroxylase. This chelator is not strong enough to compete with tryptophan hydroxylase for ferrous iron; the stability constant (Log K) of desferrioxamine to ferrous iron is reported to be 10 while EGT A is 14.3 and even it does not remove iron from the enzyme. Nonetheless, administration of desferrioxamine to the monolayer culture decreased enzyme activity. It is speculated that the intracellular iron concentration was indirectly lowered as a consequence of the decJcase in the iron pool of the cell. On the other hand.
hemin, protoporphyrin IX, is ' known to increase the intracellular iron concentration (9) , when added to cultured cells. This compound is the iron bound form of a very strong chelator and it is speculated that it releases the metal after being degraded enzymically in the cells. The increase in iron concentration in the cells has not been measured by physicochemical techniques. 5-HTP accumulation as an indicator of tryptophan hydroxylase increased several fold by administration of hemin in quantities as low as 30 f1M in the medium for 4 hours ( Table   2 , line 6). When the culture was treated with the same concentration of hemin (30 f1M) simultaneously with 100 f1M desferrioxamine, no significant increase was observed in intracellular tryptophan hydroxylase activity (Table 2 , line 7), a strong indication that the hemin effect was mediated by an increase in the chelatable form of iron. The mechanism by which hemin increases chelatable iron inside cells is not clear. Nevertheless, the above results supported the idea that a large portion of tryptophan hydroxylase exists in a latent form in the cell due to a deficiency in available iron. In the present study, the intracellular iron concentration was shown to be very unstable. If nature can manage the intracellula r concentration of .. chelatable iron" , the remaining portion of tryptophan hydroxylase, present in the latent form , can be rendered activity.
